The protonation, hydrolytic and complexation equilibria in aluminum(III) + ofloxacin (Hoflo) solutions in the presence of sodium dodecylsulphate (SDS) have been studied by glass electrode Potentiometrie measurements in 0.1 mol/dm 3 LiCl ionic medium, at 298 K. The results obtained indicate that in the presence of SDS the beginning of hydrolysis of Al 3+ ion shifts toward lower pH for approximately 1 pH unit in comparison with that in the absence of SDS. The obtained experimental data were consistent with the formation of only AI-(OH) 4 5+ complex with considerably higher stability constant (log ß 3 . 4 = -11.39 ± 0.05) than that in the absence of surfactant (log ß 3 . 4 = -13.73 ± 0.04). Protonation constants of ofloxacin anion (ofloxacinate, oflo) are significantly higher in the presence of SDS. In Al 3+ + oflo + SDS solutions, in the concentration ranges 0.6 < [Al] < 2.5 mmol/dm'; 0.6 < [oflo] < 7.5 mmol/dm 3 and 3.0 < pH < 5.0 the formation of the following complexes, with their respective stability constants (logß pqr ), was observed: Al(oflo) (10.28 ± 0.08); Al(OH)oflo (3.04 ± 0.10) and Al 2 (OH),oflo (4.56 ± 0.06)
Introduction
Ofloxacin (9-fluoro-3-methyl-10-(4-methyl-l-piperazinyl)-7-oxo-2,3-dihydro-7H-pyrido-(l,2,3-de)l,4-benzoxazine-6-carboxylic acid), H(oflo), belongs to the class of fluorinated 4-quinolone antibiotics which finds use in the treatment of urinary and respiratory infections. It exhibits strong activity against Gram-negative and some Gram-positive bacteria, though many anaerobic strains are resistant. The mechanism of its action is based on inhibition of bacterial DNA gyrase thus, interfering with normal cell replication [1, 2] , Ο Scheme I.
Structure of ofloxacin
Clinical investigations have shown that concomitant intake of ofloxacin and aluminum-containing antacids results in reduced maximal serum concentration accompanied by the decrease in AUC (area under the "concentration vs time" £urve), thus leading to the decreased bio-availability of the drug, down to 30% [3, 4] . The explanation for this interaction, bearing in mind the previous findings concerning some other quinolonemetal ions systems [5] , is probably chelation between Al 3 ion and the 3-carboxyl and 4-oxo functional groups of the ofloxacin. In our previous paper [6] we have studied the interactions between aluminum ion and ofloxacin. The experimental results were consistent with the formation of the complexes Al(oflo) 2 , Al(Hoflo), Al(oflo) and several mixed and pure hydrolytic species. However, in the organism, the interactions between the aluminum ion and ofloxacin can be influenced by many other substances, normally present in gastrointestinal tract and guts, noticeably various surface active substances. These substances are also present in most other tissues (lungs, blood, etc.) so that, to mimic their function, a detergent, sodium-dodecylsulphate (SDS), was used. The surfactant would have the effect to solubilize both, the quinolone and its chelate complex with aluminum, to exclude water molecules from the complexation reaction sphere and to prevent binding of quinolone and aluminum(III) ion to serum proteins.
The primary aim of the present paper was to provide reliable data concerning speciation in the aluminum(III) + ofloxacin + SDS solutions so that they could be used in the modeling studies of the aluminum-based antacids and ofloxacin interactions in vivo.
Little literature data are available on the effect of surfactants on Al 3+ aqua ion hydrolysis and complex formation. In a recent review [7] , the collected experimental data indicate that, in the presence of surfactants, the main reactive species in the hydrolyzed solutions of aluminum, is the aluminum aqua ion instead of AI(OH)"* complex, found in the absence of surfactants. Various surfactants also increase the binding capacity of aluminum for some chelate chromogens leading to better quantitative conditions for its complexometric determination. No literature data could be found on the influence of SDS on aluminum-ofloxacin complexation equilibria.
In the present paper the equilibria between the aluminum(lll) ion and ofloxacin in the presence of SDS, were studied by potentiometry in a wide concentration range of aluminum to ofloxacin. The protonation equilibria of ofloxacin anion (oflo) as well as the hydrolysis of aluminum in the presence of SDS were investigated in separate experiments.
Experimental

Reagents and Analysis
The stock solution of aluminum(IIl) chloride was prepared by dissolving doubly recrystallized AIC13 6H20 p.a. (Merck) in twice distilled water. The appropriate amount of HCl was added to avoid initial hydrolysis of AT" ion. The aluminum content was determined gravimetrically by the precipitation with 8-hydroxyquinoline and ammonia. Both methods gave the same results within 0.3%. The concentration of the free acid was determined potentiometrically using the Gran plot. The constancy of the total proton concentration with time was considered as a criterion for the absence of initial aluminum(HI) hydrolysis and was periodically checked by titration against standard NaOH before each series of measurements.
Ofloxacin, purity 100%, was from Hoechst (Frankfurt am Main, F.R.G.). Standardization was performed by Potentiometrie titration against standard NaOH. Sodium dodecylsulphate (Mr = 288.4) was product of Merck (F.R.G.). The concentration, 10.0 mmol/dm 3 was close to its critical micellar concentration.
The sodium hydroxide solution was prepared from concentrated volumetric solutions p.a. (Merck) by diluting with freshly boiled doubly distilled water, cooled under constant flow of purified nitrogen. The alkali concentration was checked by titration against potassium hydrogenphthalate. The hydrochloric acid solution was made from HCl "Suprapure" (Merck) and standardized against tris(hydroxymethyl) aminomethane. The solution of lithium chloride was prepared form LiCl, p.a (Merck) dissolving the recrystallized salt in twice deionized water. The concentration was determined by evaporation of a known volume of solution to dryness at 573 Κ and weighing the residue.
Equipment
Potentiometrie measurements were carried out using a Tacussel Isis 20000 digital pH-meter with a precision ± 0.1 mV (in some measurements an extended scale was used with a precision ± 0.01 mV). The pH meter was equipped with a Tacussel TC-100 combined electrode. Titrant was delivered from a Metrohm Dosimat model 665. The constant temperature was maintained with a VEB Prüfgeräte model E3E circulating ultrathermostat.
Procedure
All titrations were performed in a double mantled, thermostated glass vessel closed with Teflon cork. A constant temperature, to (298.0 ±0.1) K, was maintained by circulating thermostated water through the jacket. Purified and oxygen free nitrogen gas was bubbled through the solution for providing an inert atmosphere and stirring. Additional stirring of the solution was achieved with a magnetic stirrer.
The The potential of the glass electrode is given by the expression:
where h is the concentration of free proton, E0 is a constant which includes the standard potential of the glass electrode, Q is the slope of the glass electrode response and Et is a liquid junction potential whose contribution to Ε was found to be negligible. The E0 was determined both before and during each titration of the test 610 solution. First, E" was determined by means of separate titration of HCl with sodium hydroxide, both of known concentrations, under the same medium and temperature conditions as the test solution titrations (1.0, 2.5 and 5.0 mmol/dm' HCl was titrated with 0.1225 mol/dm' NaOH). The data obtained were analyzed with the aid of the Magec [8] program. The calculated values were Q = 59.1 mV and self-protolysis constant of water, /?K W = 13.50 (2) . During the titrations of the test solutions, the E" was determined using the data in the acidic region, where neither hydrolysis nor complexation takes place (h = //), by plotting the value Ε -Q log h against h and extrapolating the straight line to h = 0. When the difference between two E" values was higher than 1.0 mV, the titration was rejected. The thus obtained value of E 0 was used for the calculation of -log h for the whole titration curve.
To reduce the concentration of the hydrogen ion, the alkali was added stepwise from an autoburette in small aliquots (0.005 -0.01 mL). The potential was monitored after each addition of titrant. The titration protocol was chosen in such a way that the hydrolysis and complexation reactions would proceed in the conditions as close to true equilibrium as possible. To achieve this, the potential readings were taken every 5 min until steady values to ± 0.1 mV/min were obtained. Hence, the average equilibration time for each points in hydrolysis measurements was 15-20 min at the beginning of titration and 20 -30 min when the hydrolysis occurred. At some definite points the titration was stopped and solution was left with no further addition of base for the next 2-3 hours, with continuos monitoring of potential. The titration was resumed only if the potential did not change more than ( 0.2 mV. No back titrations were performed. Instead, agreement between duplicate titrations (better than 1%) served as a criterion for reversibility of the reaction. In complexation measurements, the average equilibration time was 10-20 min. The titrations were terminated when drifted potential readings were obtained and turbidity of solutions observed. Some titrations were carried out in duplicate and some in triplicate.
Data Treatment
Three kinds of equilibria should be considered in the present study: (a) protonation of the ofloxacinate ion, (b) hydrolysis of aqua aluminum(III) ion, and (c) general three component equilibria,
which include the case q = 0, i.e. the formation of pure binary complexes of Al \ Negative values of q represent hydroxo complexes. The overall protonation constants of ofloxacinate and the stability constants of hydrolytic complexes of aluminum(III) ion were determined in separate experiments. Thus, in the evaluation of the three component equilibria (c), the binary models (a) and (b) were considered as known. The mathematical analysis of the experimental data was performed with the aid of general least-squares program Superquad [9] , In Superquad calculations the identity and stability of complexes which give the best fit to the experimental data, were determined by minimizing the error-squares sum of the potentials, U:
where w, represents a statistical weight assigned to each point of the titration curve, E uhs and E cak refer to the measured potential of the cell and the calculated one assuming the specific model and trial constants, respectively. The best model was chosen using the following criteria: (a) the lowest value of U, (b) standard deviation in calculated stability constants less than 0.15 log units, (c) standard deviations in potential residuals, defined as:
where e is a vector in potential residuals (E obs -E alk ), w is a weighting matrix, Ν is the number of observations and k is the number of refinable parameters, with standard deviation in volume readings 0.0005 cm' and standard deviation in potential readings 0.1 mV, should be less than 3.0. (d) goodness-of-fit statistics, χ" (Pearson's test) at 95% confidence level, with 6 degree of freedom, less than 12.6 and (e) reasonably random scatter of potential residuals without any significant systematic trends. Along with Superquad the program Best [10] was also used for calculations.
Results and Discussion
The effect of sodium-dodecylsulphate on the hydrolysis of aluminum(III) aqua ion
The hydrolysis of aluminum in the absence of SDS in 0.1 mol/dm 3 at 298 K, was studied in our previous work [11] so the results obtained there were used in this work. The experimental data obtained under the same medium and temperature conditions in the presence of SDS are summarized in Table 1 .
Under the experimental conditions chosen the aluminum ion hydrolyzes between pH 3.0 and 4.4 depending on its concentration. The maximum value reached for the average hydroxide number, Z, defined as: Ζ = (h-H)/M, was ca. 0.3. The data show that, for each concentration of aluminum studied, separate titration curves, Ζ = Z(-log h) were obtained. This indicates the formation of polynuclear complexes. The pH region, in which hydrolysis occurs, depends upon the total concentration of aluminum. Thus, as the concentration of Al increases, the beginning of the hydrolysis shifts toward lower pH values, while in the same time the degree of the hydrolysis decreases. Possible complexation of the aluminum ion with the chloride ion from the ionic medium, should appear as a constant effect because of relatively high concentration of the medium; therefore it should not affect the number of hydroxide ions bound to aluminum. Though the titrations were performed in a wide pH range, for the purpose of calculations some reduction of points was necessary. Points at pH values lower than 2.8 where the hydrolysis is negligible and at pH's higher than 4.4 where solutions became turbid and colloid formation may take place, were excluded from calculations. In Fig. 1 , the hydrolytic curves in the absence and in presence of SDS are shown, as the dependence of the hydrolytic number of aluminum, ZAi on pH of the solution. It can be seen that in the presence of the surfactant the extent of hydrolysis is lowered while, in the same time, the beginning of hydrolysis is shifted 4 . The best set of statistical parameters was obtained with the (3,-4) complex. Slightly worse parameters were obtained with the (2,-3) complex while the (2,-2) complex gave standard deviation in the calculated stability constant higher than 0.15. All the titration curves were then processed together, this time using the program Superquad. In Superquad calculations the E 0 values were allowed to float while all analytical parameters were held constant.
All the complexes found in the Best calculations were accepted with small difference in stability constants.
Stepwise introduction of other complexes from the initial set lead either in their rejection or in a much worse set of statistical parameters determining goodness of fit. The higher hydrolytic polymers were not accepted as well as the (13,-32) complex. To decide which complex gives the best fit, all three afore-mentioned complexes were refined together. Dimers were rejected while the (3,-4) complex was accepted with somewhat higher statistical parameters. Examining the plot of calculated Z-curves vs. experimental ones it may be seen that the worst agreement was obtained at lower pH values (pH 2.8-3.1). In another calculation cycle these points were excluded from calculations resulting in a much better set of statistics. Thus, the results of calculation show that experimental data can be fitted with only the complex Al 3 (OH) 4 '\ In the Best calculations the obtained values of σ Γ " were in the range 0.0015 to 0.002, thus indicating good fit of the data. Final value of the stability constant was obtained with Superquad. The results are given in Table 2 . It is seen that calculated statistical parameters of the fit satisfy all the acceptance criteria thus confirming the existence of the (3,-4) hydrolytic complex, in the presence of surfactant, with high probability. It seems that the formation of mononuclear species, characteristic of the hydrolysis of Al " aqua ion in pure chloride, nitrate and Perchlorate ionic media, is suppressed in the presence of ionic surfactants.
SDS is negatively charged at its polar head, thus, forming a micellar medium which may encircle the positive Al 3+ ion. In this way, the concentration of water around aluminum is lowered and, at the same time, the microscopic dielectric constant of the medium decreases. Both factors lead to polymerization of primary hydrolytic products of the A1 J~ ion, possibly according to "core+link" mechanism yielding AI(AI(OH),) n where η = 2.
Protonation of the ofloxacin anion
Protonation constants, β η , of ofloxacin anion, defined according to equilibrium:
were determined by glass electrode Potentiometrie titrations in 0.1 mol/dm' LiCl medium at 298 K. Three titrations were carried out with 0.5; 1.2 and 2.45 mmol/dm 3 total ofloxacin concentrations, with the addition of 10.0 mmol/dm 3 SDS, in the pH range between 3.1 to 10.2. The experimental data were treated by using Magec and Superquad programs. In total 190 points were included in calculations. The results are given in Table 2 together with statistical parameters from Superquad calculations (chi~ and s). As can be seen from Table 2 protonation constants of the ofloxacin anion are considerably higher in the presence of SDS than in the pure ionic medium. It seems that the addition of SDS suppresses the dissociation of ofloxacin. An explanation can be given on the basis of structural characteristics of ofloxacin. It contains two highly polar groups (4-carbonyl and 3-carboxyl). In addition the positively charged tertiary piperazinyl nitrogen in the ofloxacin cation, constitutes another polar site in the molecule. These groups cause an electrostatic attraction with the SDS molecule thus expelling water molecules around the cation and hence impeding proton transfer from cation to bulk water. Splitting off the first proton (from the 3-carboxyl group) is hindered because the hydrogen bond between the carboxyl proton and the 4-carbonyl oxygen is stabilized in the presence of SDS.
The aluminum(lIl)-ofloxacin system
The experimental data obtained by emf measurements in 0.1 mol/dm' LiCl medium at 298 Κ are summarized in Table 1 . In the pH range studied (3.0 -5.0) the maximum apparent ligand number reached was ca. 1.2. The highest concentration ratio of ofloxacin to A1' T was 5:1. 
Titration parameter
Beyond pH 5.0, solutions became turbid and drifting potential readings were obtained. No higher concentration ratios of ofloxacin to Al were used due to low solubility of ofloxacin and because they would seriously change the constancy of the medium. In addition, the buffering effect of ofloxacin may hinder the reliable Potentiometrie measurements.
Analysis of formation curves, as the dependence of the average ligand number, Z c on -log [oflo], indicate the formation of polynuclear complexes. From the maximal Z c values attained it can be seen that either the complex Al(oflo) or some mixed complexes, may be important. Part of the obtained titration curves is shown in Fig. 2, as where C pqr denotes the equilibrium concentration of the complex, m, h and a denote free concentrations of aluminum(lll), proton and ofloxacin, respectively. To determine the composition and stability constants of the species formed, the titration data were analyzed using the programs Best and Superquad. The following complexes were selected to find the model which best fit the experimental data: (1,0,1), (1,0,2), (1.1.1), (1,2,1), (1,1,2), (1,-1,1), (1,-2,1), (1,-3,1), (1,-1,2 ), (1,-2,2), (1,-2,3) and polymers (2,1,1), (2,2,1), (2.1.2), (2,-1,1), (2,-2,1), (2,-2,2), (2,-3,1), (2,-3,2), (3,-1,1), (3,-2,1), (3,-1,2), (3,-2,2). More than 20 various models were tested. During the calculations, the analytical parameters (M," H" and L 0 ) were held constant while £" values were allowed to float. The hydrolytic complexes and protonated species of ofloxacinate were not refined during the calculations. First, each titration curve was treated separately using the program Best. Complexes were added in the model one at a time until the lowest value of σ η , was achieved (usually less than 0.003). These complexes were then used as the starting model for the Superquad calculations. The following complexes were included: (1,0,1), (1,-1,1), (2,-2,1) and (2,-2,2). Then the data belonging to all titration curves, referred to one particular ofloxacin to aluminum concentration ratio, were treated together. The refined values of E 0 served as the additional criterion for model selection. If they were different from experimental ones for more than 0.5 mV, the model was considered as inadequate. The finally accepted complexes are given in Table 2 . As can be seen from the Table 2 in the presence of SDS no formation of AI(oflo) 2 and Al(Hoflo) complexes could be proved, but the binary complex Al(oflo) was accepted in the speciation scheme with a satisfactorily good set of statistics. As can be seen from the distribution diagram (Fig. 3 ) the main species in solution, at pH < 5.0, is the trimer, Al 3 (OH) 4 5+ . It reaches its maximum concentration at pH 4.5 and upon further increasing of pH its concentration decreases.
The binary complex, Al(oflo), starts to form at pH about 3.6 and reaches the maximum concentration at pH 4.8, which means that its formation is shifted for 2 pH units to lower pH's than in the absence of SDS. The mixed hydrolytic dimer starts to form at pH slightly bellow 4.0 with steep increase of concentration upon increasing the pH. Mixed hydrolytic complex may act as the precursor to species which eventually precipitate from the solution. The concentration of the mixed monomer, AI(OH)oflo, was to low to show in Fig. 3 .
Generally it may be said that the presence of SDS suppresses the complex formation in the Al + -ofloxacin system and enhances the hydrolysis of aluminum(III) and the formation of mixed hydrolytic complexes. The explanation might be found in increasing the local concentration of water around aluminum ion which hinders the effective approach of relatively hydrophobic molecules of ofloxacin. Bearing in mind zwitterionic character of the ofloxacin molecule as well as the pH region in which it forms complexes with aluminum ion (Fig. 3) , it may be supposed that the complexation proceeds according to reaction: ΑΙ 3 + Η .oflo AI (oflo) 2 
+ 2 Η
Entropy increase favors this reaction, but in the same time water molecules liberated from the coordination sphere of aluminum, and these repelled by SDS from the bulk of solution, enhance the hydrolysis and polymerization of the complex. 
